Human lymphoblastoid cell lines (LCLs), generated through Epstein -Barr Virus (EBV) transformation of Blymphocytes (B-cells), are a commonly used model system for identifying genetic influences on human diseases and on drug responses. We have previously used LCLs to examine the cellular effects of genetic variants that modulate the efficacy of statins, the most prescribed class of cholesterol-lowering drugs used for the prevention and treatment of cardiovascular disease. However, statin-induced gene expression differences observed in LCLs may be influenced by their transformation, and thus differ from those observed in native B-cells. To assess this possibility, we prepared LCLs and purified B-cells from the same donors, and compared mRNA profiles after 24 h incubation with simvastatin (2 mM) or sham buffer. Genes involved in cholesterol metabolism were similarly regulated between the two cell types under both the statin and sham-treated conditions, and the statininduced changes were significantly correlated. Genes whose expression differed between the native and transformed cells were primarily implicated in cell cycle, apoptosis and alternative splicing. We found that ChIP-seq signals for MYC and EBNA2 (an EBV transcriptional co-activator) were significantly enriched in the promoters of genes up-regulated in the LCLs compared with the B-cells, and could be involved in the regulation of cell cycle and alternative splicing. Taken together, the results support the use of LCLs for the study of statin effects on cholesterol metabolism, but suggest that drug effects on cell cycle, apoptosis and alternative splicing may be affected by EBV transformation. This dataset is now uploaded to GEO at the accession number GSE51444
INTRODUCTION
Human lymphoblast cell lines (LCLs), created by transforming B-lymphocytes with Epstein -Barr Virus (EBV), have been used for functional analysis of common genetic variation by testing for associations of genome-wide SNPs with measures of gene expression (eQTLs), chromatin state and mRNA transcript structure as well as the effect of copy number variation on gene expression (1 -6) . In addition, LCLs have been used to identify genetic variation associated with or linked to human diseases (7) and more recently have become a model system for pharmacogenetic studies such as investigation of genetic effects on cellular survival in response to radiation and chemotherapeutic drugs (8) .
We have recently used human-derived LCLs to identify single nucleotide variants affecting transcriptional response to simvastatin exposure. Simvastatin is a member of a class of drugs that inhibit HMG-CoA reductase (HMGCR), the key regulatory enzyme in the cholesterol biosynthesis pathway, and are widely prescribed to lower low-density lipoprotein (LDL) cholesterol and risk for cardiovascular disease (9) . The physiologic relevance of LCLs for use in these studies has been demonstrated by showing that the magnitude of genetically influenced alternative splicing of the HMGCR gene in LCLs in vitro is significantly correlated with the in vivo plasma LDL cholesterol response to simvastatin treatment of the individuals from whom the LCLs were derived (10) . In addition, we have successfully used the LCL model system to functionalize haplotypes and SNPs in candidate genes (9, 11) and to identify novel genes and pathways not previously implicated in statin effects on LDL cholesterol (12) .
EBV is known to infect and transform B-lymphocytes by binding to the CD21 receptor on the cell surface (13) . Upon infection it alters the cell cycle (14) , impacting both the expression levels and methylation status of hundreds of genes (15) (16) (17) . Of the recent studies performed to directly compare gene expression profiles in LCLs and B-cells (17, 18) , the experiment performed by Calıskan et al. (15) is the most comprehensive. Examining matched B-cells and replicate LCLs derived from six donors, the study noted that replicate LCLs generated from the same individual clustered with each other, but clustering with progenitor B-cells was not shown. They also reported that while transformation affected the methylation profile as well as expression levels of genes involved in cell cycle and immune response, these changes were small in magnitude. Other studies assessing the validity of LCLs include that of Ding et al., who reported that 70% of eQTLs were common to both fibroblasts and LCLs (19) , suggesting that EBV transformation has limited impact on genetic regulation of gene expression. However, in a much less well-powered study, Fairfax et al. (20) reported that only 9.8% of eQTLs identified in LCLs were also observed in B-cells. Thus, these findings emphasize the importance of understanding expression differences in B-cells compared with LCLs, which to date, have not been examined in the context of drug response.
In the present study, we sought to determine the effect of EBV transformation on the transcriptional response to statin exposure by comparing statin-induced changes in the transcriptomes of LCLs and native B-cells derived from the same individuals.
RESULTS

B-cells and LCLs clustering
Hierarchical clustering analysis of the genome-wide expression data that passed all quality controls (15 statin and sham-treated B-cells, and 11 statin and sham-treated LCLs) demonstrated a distinct clustering by cell type irrespective of treatment status (Supplementary Material, Fig. S1 ). Within each cell type the samples further clustered by donor individual, but not by treatment status.
We then adjusted for statin response of EBV transformation and repeated the analysis with the six samples with a complete set of matched arrays (statin and sham treated B-cells and LCLs). As shown in Figure 1 , we demonstrate significant clustering of B-cells and LCLs from five of these individuals irrespective of treatment (statin or sham) status. The mismatched cluster (individuals S_068 and S_289) had very weak bootstrap support as indicated by numerals on branches (Fig. 1) . We performed a similar analysis using genes whose expression was significantly changed (P , 0.05) by statin treatment in both B-cell and LCLs. Although the grouping by individual was imperfect, the majority of B-cells and LCLs clustered by individual (Supplementary Material, Fig. S2 ). We did not observe clustering by individual for variation of the difference of expression levels between statin versus sham treatment (data not shown).
We then conducted a principal component analysis using the 8000 most highly expressed genes to assess the proportion of variation explained by EBV treatment as well as other confounders. The first component explained 74% of the variance and correlated highly with EBV treatment status (P ¼ 2.2E216). The next four components correlated with individual identities (0.005 , P , 0.1) and together explained 18% of the variance. Components 6 -10 were not correlated with a known covariate. Finally, components 11 and 12 together explained 1.1% of the variance and were highly correlated with statin treatment status (P , 0.001) (Supplementary Material, Table S1 ).
Comparison of mRNA expression between B-cells and LCLs
Comparison of transcripts between B-cells and LCLs (Supplementary Material, Table S2 ) identified 10 304 significantly differentially expressed genes (q , 0.05). Of these, 5491 were more highly expressed in LCLs than in B-cells, and the remainder showed greater expression in B-cells. Genes with ≥2-fold higher expression in LCLs compared with B-cells were enriched for the Gene Ontology (GO) biological process term 'cell cycle' (q ¼ 1.3E239, Fig. 2A ), consistent with their transformation (Supplementary Material, Table S3 ). Genes with a smaller magnitude of up-regulation (changes between 1.32-and 2.0-fold) were enriched for the GO term 'RNA processing' (q ¼ 4.4E214) (Supplementary Material, Table S4 ).
The most down-regulated genes in LCLs compared with B-cells (≥2-fold lower expression) were enriched for the GO terms 'regulation of apoptosis' (q ¼ 3.3E25) and 'B-cell activation' (q ¼ 3.8E205) (Supplementary Material, Table S5 ). Genes with a more modest reduction between the two cell types (between 1.31-and 2.0-fold lower) were enriched for GO terms 'mRNA metabolic processing' (q ¼ 0.03) (Supplementary Material, Table S6 ). Given our interest in the use of LCLs for the study of statin pharmacogenomics and cholesterol metabolism, we noted that, even though the expression of several sterol metabolic genes such as HMGCR, LDLR and LSS was significantly different (q , 0.05) between LCLs and B-cells, overall the category of genes involved in cholesterol and lipid metabolism was not differentially expressed between B-cells and LCLs (q ¼ 0.17).
Transcripts up-regulated in LCLs are potential EBNA2 targets
We hypothesized that genes involved in EBV transformation could be direct targets of transcriptional activators encoded within the EBV genome. Epstein-Barr Virus Nuclear Antigen 1 (EBNA1) and Epstein-Barr Virus Nuclear Antigen 2 (EBNA2) are known to be transcriptional activators encoded by EBV (13) . Re-analysis of publicly available ChIP-seq data from Raji cells (14, 21) identified EBNA1 peaks in the promoters (21 to +1 kb from transcription start site) of 60 genes (Supplementary Material, Table S7 ), and EBNA2 peaks in the promoters of 2676 genes (Supplementary Material, Table S8 ). In total, 1081 genes with EBNA2 peaks were up-regulated (q , 0.05) in the LCLs compared with the B-cells, with a highly statistically significant (P , 1E216) overlap identified between genes with EBNA2 peaks and those up-regulated in LCLs (Supplementary Material, Table S9 , Fig. 2B ). GO term analysis of these genes showed an enrichment in 'cell cycle' and 'RNA processing' (Supplementary Material, Tables S10-S12). Among the 51 up-regulated splicing factors only HNRNPA1 and SRFS3 (aka SRp20) have been previously shown to interact with an essential EBV protein, SM, that modulates splicing of both EBV and host cell pre-mRNAs (22, 23) . Notably, expression levels of both SRFS3 and HNRNPA1 were higher in LCLs compared with B-cells (1.32-fold, q ¼ 0.004 and 5.38-fold, q ¼ 3.1E214, respectively), and these genes had significant EBNA2 peaks in their promoters ( Table S2 ). We also identified a significant Table S15 ).
Statin-induced changes in gene expression are similar between B-cells and LCLs
Comparison of the statin versus sham-treated LCLs (n ¼ 12) identified 43 genes whose expression was significantly changed by exposure to simvastatin (Supplementary Material, Table S16 , q , 0.05). This is a much smaller number than that observed in LCLs derived from a larger study population (24) , a result to be expected based on the limitation of statistical power of this data set. Nevertheless, consistent with the larger study, 'sterol biosynthetic process' was the top GO category (increased expression, q ¼ 8.2E210) identified from statin-responsive genes. With the lower threshold of P , 0.01, the expression of 699 genes was altered, of which 343 were up-regulated and 357 were downregulated. GO analysis of up-regulated genes identified significant enrichment for 'sterol biosynthetic process' (q ¼ 1.5E211), 'cholesterol biosynthetic process' (q ¼ 1.32E208) and 'lipid biosynthetic process' (q ¼ 0.005) (Supplementary Material, Table S17 ). Down-regulated GO categories included 'RNA processing' (q ¼ 1.2E205) and 'mRNA splicing' (q ¼ 0.063) (Supplementary Material, Table S18 ). Again, likely due to the limited statistical power of our data set, only eight genes demonstrated statistically significant changes in expression levels in the B-cells in response to statin treatment (n ¼ 6, q , 0.05): ABCG1, ZC3HAV1, ABCA1, SQLE, HMGCR, RHOB, SCD, and CYP51A1. Of these genes only ZC3HAV1 was not previously reported to be statin responsive, while the remainder are known to be involved in sterol metabolism and transport. At a less stringent P-value threshold (P , 0.01), 218 genes changed in response to simvastatin (Supplementary Material, Table S19), of which 123 were up-regulated and 95 were downregulated. These included many genes known to be sterol responsive such as LDLR and HMGCS1. GO term analysis of the 123 up-regulated genes showed enrichment in 'sterol metabolic process' (q ¼ 6.5E208) and 'cholesterol metabolic process' (q ¼ 1.05E205) (Supplementary Material, Table S20 ).
Of the genes with evidence of statin-responsiveness in both B-cells and LCLs (P , 0.01), 22 were up-regulated and one was down-regulated. (Fig. 3A, Table 1, Supplementary Material,  Fig. S5) . Importantly, the magnitude of statin-induced change in the expression of these genes was strongly correlated in LCLs versus. B-cells (R 2 ¼ 0.723, P ¼ 4.0E205) (Fig. 3B) . Notably, these genes were primarily implicated in cholesterol metabolism with many known to be SREBF2 targets. Among the genes that were drug responsive in one cell type and not the other, we found enrichment of GO terms for only 'mRNA processing' and 'mRNA splicing' in genes that were downregulated by statin treatment in LCLs but not B-cells (GO term, q ¼ 4.23E209 and q ¼ 3.0E205, respectively).
Identification of transcription factors involved in statin regulation
We found that among the genes up-regulated with statin treatment in LCLs, there was an enrichment in ChIP-seq identifiedbinding sites for transcription factors previously implicated in cholesterol metabolism including SREBF1 (q ¼ 9.5E211), SREBF2 (q ¼ 1.8E216) EGR1 (q ¼ 2.0E223) and HNF4A (q ¼ 3.0E219) (25, 26) . Similarly, binding sites for SREBF2 (q ¼ 4.2E210), SREBF1 (q ¼ 2.0E209), EGR1 (q ¼ 1.2E206) and HNF4A (q ¼ 3.7E206) were enriched in statin-induced up-regulated genes in B-cells. Analysis of enriched ChIP-seq peaks in down-regulated genes in LCLs identified 229 independent statistically enriched transcription factors (q , 0.01), of which MYC was the most significantly enriched (q ¼ 1.5E235). In contrast, statin-induced down-regulated genes in B-cells were not enriched for MYC-binding sites, but instead were enriched in EGR1 (q ¼ 8.1E206), RUNX1 (q ¼ 7.2E205) and HNF4A (7.2E205) sites. These results are consistent with the increased levels of MYC transcripts in LCLs versus B-cells seen in our study (1.67-fold, q ¼ 2.83E210) and in other studies (14, 27, 28) , This raises the possibility that MYC may play a role in statin-mediated reduction of gene expression in the LCLs but not the B-cells. For example, HNRNPA1, a well-documented splicing suppressor (29) , had strong evidence of an MYC-binding peak in its promoter and was down-regulated by statin treatment in the LCLs, but not the B-cells (Supplementary Material, Fig. S3 ).
DISCUSSION
The main objective of this study was to assess the effects of EBV transformation of B-cells on transcriptional response to drug exposure, using simvastatin as an example of a widely prescribed class of drugs that is known to cause a robust transcriptional response through activation of the SREBF2 pathway. In matched B-cells and LCLs obtained from the same donor individuals, we documented that simvastatin exposure increased the expression of many known SREBF2 target genes involved in cholesterol metabolism in either B-cells or LCLs. Although relatively few genes were found to be statin responsive in both B-cells and LCLs, likely due to the limited sample size of this study, the directionality and magnitude of changes observed were highly correlated between B-cells and LCLs. This finding suggests that EBV transformation preserves the transcriptional response to statin treatment on either the genetic or epigenetic level. Hence, our results support the utility of LCLs as a model system for the study of statin pharmacogenetics.
Through hierarchical clustering analysis of the 8000 most highly expressed transcripts identified in our data set we found clustering of B-cells and LCLs by individual, irrespective of statin treatment. We further showed similar clustering using genes that were statin responsive in both B-cells and LCLs arrays. Caliskan et al. (15) also reported that LCLs derived from the same progenitor B-cell population clustered by gene expression. These findings suggest that EBV transformation does not disrupt the general inherent genetic or epigenetic regulation of transcript levels in at least a subset of genes, in contrast to the report of Fairfax et al. (20) that only 9.8% of eQTLs identified in LCLs were also observed in B-cells. However, it should be noted that our analysis was limited to a subset of transcripts and thus may not represent the transcriptome-wide effects of EBV transformation. Furthermore, we did not observe clustering by individual based on statin-induced differences in gene expression, either due to limited statistical power or to the possibility that genetic influences on the statin response are more modest than those contributing to variation in endogenous expression levels. Notably, the expression of the class of genes involved in lipid metabolism was not statistically different between the two cell types, suggesting that LCLs can be a useful model system for the study of genetic and pharmacologic effects on cellular cholesterol homeostasis. The utility of LCLs in this regard is further supported by the recent evidence that ≥70% of the expressed genes in LCLs were also expressed in primary human hepatocytes and the human hepatoma cell line HepG2 (ET, personal communication). For the genes whose expression levels differed between B-cells and LCLs, the expression of cell cycle-related genes was higher and the expression of apoptosis-related genes was lower in LCLs compared with B-cells, consistent with previous reports and the transformed nature of the LCLs (15, 30, 31) . Unexpectedly, we also identified a number of genes involved in RNA processing and splicing whose expression was altered by EBV transformation. These changes may be mediated at least in part by the EBV-produced transcriptional coactivator EBNA2, as we found a significant overlap between EBNA2 ChIP-seq identified target genes and genes up-regulated in LCLs compared with B-cells. Many of these target genes appear to be involved in mRNA splicing, suggesting that EBV may have direct effects on the structure and regulation of RNA generated by the host cell. Supporting this hypothesis is the observation that EBV utilizes individual endogenous B-cell splicing factors such as SFRS3 to splice its own transcriptome (22) .
Among the genes that appear to be differentially regulated by statin treatment in the LCLs, we found that those involved in RNA processing and splicing were down-regulated by statin treatment in LCLs but not B-cells. While it is possible that the lack of identification of these effects in B-cells is due to the smaller number of B-cells evaluated (7 pairs) versus LCLs (12 pairs), or the increased heterogeneity of the B-cell isolates versus the LCLs, it is also possible that this may represent biologically meaningful differences. For example, we found enrichment for MYC transcription factor binding in the promoters of splicing factors and other genes down-regulated by statin treatment in LCLs but not in B-cells. MYC is known to be up-regulated by EBV and is essential for EBV-mediated B-cell to LCL transformation (14) . Moreover, gene expression profiling studies by others have suggested that MYC can preferentially and substantially amplify the expression of specific targets including genes involved in alternative splicing (32, 33) . Furthermore, statin treatment has been shown to down-regulate and inactivate MYC (34, 35) . These findings are consistent with our observation of MYC up-regulation by EBV transformation, and down-regulation by statin exposure, and suggest a role for MYC in statin-induced down-regulation of genes involved in mRNA splicing.
An example of a mechanism by which MYC may modulate statin-induced down-regulation of genes involved in alternate splicing is provided by study of statin's effects on HNRNPA1. We have recently shown that this RNA-binding protein, which is known to interact with the EBV SM protein (23) , modulates cholesterol response to statin by promoting alternative splicing of HMGCR, the target of statin inhibition (36) . In the present study we have found that HNRNPA1 is up-regulated by EBV-induced transformation, is bound by both MYC and EBNA2, and is down-regulated by statin treatment (Supplementary Material, Fig. S6 ). Given our recent observations that statin treatment causes coordinated changes in alternative splicing of multiple genes involved in cholesterol metabolism (37) , these findings highlight the complex interplay of statin and viral interaction within LCLs.
This study has several caveats. First, our results are only applicable to the utility of LCLs for the study of simvastatin-induced changes in gene expression, and may not be generalized for effects of other statins or drug classes. Secondly, while we demonstrated that gene expression ranking is generally preserved between LCLs and B-cells, we did not specifically monitor the effect of EBV transformation at the level of individual genes or gene variants. Thirdly, given our experimental design in which all LCLs were exposed to statin treatment in a single batch, while the native B-cells were statin treated individually, it is possible that some of the expression differences observed between cell types are due to batch effects. Finally, we did not assess the potential influence of EBV episome load on statin-induced differences in gene expression. However, while high (.10^6) EBV episomal load has been previously shown to be a confounder for statin-induced changes in gene expression, others have reported that low episomal load (thousands of copies) has little impact on gene expression in LCLs (15, 38) . In this regard, we note that the LCLs used for the present study are of a very low EBV copy number (tens to hundreds of copies). Moreover, our principal component analyses suggest that this and other potential confounders contribute ,7% of the total variance of the gene expression levels.
Overall, this study supports the use of LCLs as a model system for studying differences in cellular regulation of cholesterol metabolism in response to statin. However, since we have identified differences between LCLs and native B-cells in the expression of genes involved in cell cycle, apoptosis and splicing, discoveries in those pathways should be validated in alternate model systems.
MATERIALS AND METHODS
B-cell isolation and EBV transformation
Sixty milliliters of blood was drawn from healthy unrelated adult donors. Complete details on ethnicity, gender and age of donors are shown in Supplementary Material, Table S21 . The protocol was approved by the Children's Hospital Oakland Research Institute IRB and informed consent was obtained from all participants. Peripheral blood mononuclear cells (PBMCs) were isolated from 10 ml of blood using IsoPrep (Matrix Technologies) and transformed by EBV as described previously (39, 40) , n ¼ 13. Viable cells remaining after 6 weeks were considered to be LCLs. PBMCs were isolated from the remaining 50 ml of blood using Lymphoprep (VWR), and B-lymphocytes were specifically isolated from PBMCs using the B-cell Negative Isolation kit (Invitrogen) according to the manufacturer's protocol. Calibur) of 10 000-gated events. Only preparations with .90% B-lymphocyte purity were used for further analysis.
Statin incubation and RNA isolation
B-cells and LCLs were incubated with either 2 mM-activated simvastatin or a sham buffer for 24 h in RPMI media supplemented with 500 U/ml penicillin/streptomycin, 10% FBS and 2 nmol/L GlutaMAX as previously described (10), and all cultures were maintained at 378C with 5% CO 2 . The B-cells were statin or sham exposed at the time of isolation (Supplementary Material, Table S21 ), while LCLs were frozen, thawed and exposed as a single batch. Simvastatin, obtained as a gift from Merck, was activated as previously described (10) . RNA was isolated from all samples and stored at 2808C. All RNAs were converted to biotin-labeled cRNA using the Illumina 
Gene expression analysis
Raw expression data were quantile normalized and log2 transformed using the Bioconductor package lumi (41) and P-values for expression of all annotated probes were derived using limma (42) . Pairwise scatterplots were generated using R. Arrays with a significant number of outliers were discarded (Supplementary Material, Figs S7-S10). All discarded arrays were from B-cell samples, and likely reflect impure B-cell isolates. Thirty-eight arrays from 13 donors were used to assess B-cell versus LCL differences. Complete matched quartets of B-cell (statin and sham) and LCLs (statin and sham) were available for six donors (for a complete description see Supplementary Material, Table S21 ). Model-based comparisons between B-cells versus LCLs and statin versus sham treatment, controlled for individual, were performed using limma (42) . All analyses were performed at the probe level. For results reported at the gene level, P-values shown reflect the most significant P-value for any probe within that gene. Q-values (q) were generated by using the 'p-adjust' function in R and refer to FDR-adjusted P-values (P). Biological process GO analysis was conducted using DAVID (43) using all annotated human genes as the background, and GO q-values indicate FDR-adjusted P-values. Venn diagrams were generated with Venny (44) . Hypergeometric testing implemented in R (phyper function) was used to calculate overlap P-values in the Venn diagrams. Enrichment of ChIP-seq signal was identified using ChEA (45) and the Enrichr toolkit (http://amp.pharm.mssm.edu/Enrichr/) containing a database of publicly available ChIP-Seq results. All the analysis scripts are available upon request.
Clustering and principal component analysis
Global clustering analysis was performed using the hclust function in R on the complete expression data set from samples that passed quality control (15 statin and sham-treated B-cells, and 11 statin and sham-treated LCLs). Expression arrays from the six individuals with a complete matched data set of all four treatment conditions (B-cell statin, B-cell sham, LCL statin and LCL sham) were filtered by subsetting on the 8000 most highly expressed genes and adjusted for EBV transformation and statin treatment status by linear modeling. The residuals were then clustered by the pvclust function in R, using 'correlation distance' and 'average method' parameters. Confidence in the branches was assessed by bootstrap resampling (n ¼ 1000). Principal component analysis was conducted using the prcomp function in R, with default parameters.
Methylation assay
Genome-wide methylation status was assessed after sham-only treatment in four independent matched B-cell/LCL pairs. Strongly unmethylated islands (SUMI) or unmethylated CGs were assayed as previously described (46, 47) . Briefly, DNA was extracted by standard methods and digested overnight with the methylation-sensitive restriction enzyme HpaII (New England Biolabs). Indexed sequencing libraries were constructed from the HpaII digest using the standard Illumina kit, and sequenced using 50 bp paired end reads. Supplementary Material, Table S22 shows the number of reads collected for each sample that passed the quality filter. Alignments were analyzed with MetMap to assign to each HpaII site a probability of being unmethylated p(U) and a probability of being part of an unmethylated region p(I). MetMap annotates strongly unmethylated islands (SUMIs) as regions in which all HpaII sites have a p(I) .0.1 and where at least two HpaII fragments within the region are represented in the MethylSeq data. SUMIs shared between all eight samples were cross referenced using BedTools software package (48) . Statistically significant differences in SUMI scores between LCLs and B-cells were identified using paired Student's t-test (additional details can be found in the Supplementary Material).
ChIP-seq analysis EBNA2 and EBNA1 ChIP-seq raw sequence data were reanalyzed from previous studies (14, 49) . Sequences were aligned to the genome using Bowtie2 (50). Annotation, peak calling and quality control were conducted using the HOMER package (51) with default parameters. Although two EBNA2 data sets were available, one data set (GSM729851) did not pass quality control and was omitted from the analysis. Only the GSM 729852 data set was used for EBNA2 analysis and both available 'input' data sets were used as background controls.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online. 
